Nanoporous graphene (NPG) shows tremendous promise as an ultra-permeable membrane for water desalination thanks to its atomic thickness and precise sieving properties. However, a significant gap exists in the literature between the ideal conditions assumed for NPG desalination and the physical environment inherent to reverse osmosis (RO) systems. In particular, the water permeability of NPG has been calculated previously based on very high pressures (1000-2000 bars). Does NPG maintain its ultrahigh water permeability under real-world RO pressures (<100 bars)? Here, we answer this question by drawing results from molecular dynamics simulations. Our results indicate that NPG maintains its ultrahigh permeability even at low pressures, allowing a permeate water flux of 6.0 l/hbar per pore, or equivalently 1041 ± 20 l/m 2 -h-bar assuming a nanopore density of 1.7 × 10 13 cm −2 .
I. INTRODUCTION
Water desalination is expected to play an increasingly crucial role in the challenge to supply enough clean water in the 21st century. 1 While reverse osmosis (RO) remains the most energy-efficient desalination method, 2 the RO membranes that are required for separating salts and other molecular species from water exhibit low water permeability, i.e., a low water flux per unit of applied pressure. In particular, if RO membranes were 3× more permeable for the same salt rejection, desalination plants could operate at 46% lower pressure or 270% greater permeate production per vessel for brackish water. 3 However, new membrane materials are needed before this benefit can be realized.
Nanostructured materials offer the promise of increased membrane permeability for more affordable and efficient water desalination. [4] [5] [6] [7] [8] In particular, we predicted previously that nanoporous graphene (NPG) would reject salt ions with 2-3 orders of magnitude higher water permeability than conventional RO membranes. 9 However, previous studies employed pressures that are several orders of magnitude higher (1000-2000 bars) than those in real RO systems (10-100 bars) in order to reduce computational time. Moreover, published studies have kept the atoms in the NPG membrane frozen in order to decouple the desalination performance from mechanical effects. However, graphene membranes synthesized experimentally are flexible and the functional groups at the edge of each nanopore are prone to deformation under the influence of water molecules and salt ions, which may in turn affect the permeability and salt rejection of the membrane.
In this work, we investigate whether NPG maintains its ultra-high permeability at the pressures employed in RO systems. Using classical MD simulations, we demonstrate that the permeability of NPG remains approximately constant down to very low pressures. We also show that NPG maintains its desalination performance even when the flexibility of the membrane atoms is taken into account.
II. METHODS
The system was built and analyzed using Visual Molecular Dynamics (VMD) v1.9, and MD calculations were performed using the LAMMPS code ( Figure 1) . 10, 11 Saltwater at an osmotic pressure of 5.8 bars was generated on the feed side (i.e., the input side) of an NPG membrane, and consisted of 955 water molecules and 2 Na + /Cl − pairs, corresponding to a feed osmotic pressure of 5.8 bars according to the Morse equation. Likewise, 526 molecules of pure water were placed on the permeate side (i.e., the output side), and a rigid piston was placed on either side of the water in order to apply any desired transmembrane pressure.
Because we found previously that hydrogenated nanopores allow for higher salt rejection and that a pore radius of 0.7 nm allows for optimal water passage given the constraint of full salt rejection, 9 we chose hydrogenated NPG with an open pore area of 23 Å 2 in this work. The detailed methodology builds upon that of our previous work, 9 although in the present work the membrane was allowed to deform during the simulation. The system was subjected to periodic boundary conditions in the x-and y-directions, and we used rigid pistons on either side of the system to control the transmembrane pressure in the z-direction. Forces on C and H atoms in the membrane were described with the AIREBO potential with a scale factor of 3.0. 12 One carbon atom was tethered to its original position in order to simulate the effect of a substrate that would prevent the entire membrane from moving out of plane. Forces on water molecules were described with the TIP4P model, 13 which has been shown to accurately reproduce the entropic and hydrogen bonding behavior of liquid water. 14 Interactions between water and carbon atoms were modeled with Lennard-Jones parameters using the Lorentz-Berthelot mixing rules. We Salt water (NaCl) and pure water are placed on either side of a hydrogenated NPG membrane with r = 0.7 nm. Membrane atoms are allowed to move, and transmembrane pressure is applied using two pistons that exert pressures P and 1 atm on the feed and permeate side, respectively. The inset shows the permeation of water molecules across a nanopore.
used the pppm/tip4p k-space solver in LAMMPS with a precision of 10 −6 . In addition, a time step of 0.5 fs was used in order to guarantee energy conservation to within numerical precision.
The saltwater and membrane were first subjected to a static minimization. Following minimization, the saltwater system was equilibrated for 50 ps in the NVT ensemble between the two pistons, each of which had a force of 0.01 kcal/mol/Å in order to bring the density of water to its equilibrium value and remove any voids in the liquid water. The data acquisition stage was performed in the NVT ensemble with a Nosé-Hoover thermostat and a damping constant of 100 ps. The choice of thermodynamic ensemble and thermostat has been shown to influence the water flowrates through carbon nanotubes, and the Nosé-Hoover thermostat is known to provide an underestimate of water permeability relative to other thermostat choices. 15 Thus, the permeabilities reported here are conservative estimates. Water pressures on either side of the membrane were enforced by applying constant forces in the z-direction to the piston atoms, thus ensuring that both water reservoirs were kept at constant pressures. During the data acquisition stage, the permeate piston was assigned a new pressure of P p = 1 atm and the feed piston was assigned a larger pressure P that varied for each simulation. Because P 1 atm, the transmembrane pressure P = P − P p is approximately equal to P. The net driving pressure is ( P
, where is the total osmotic pressure difference and π f and π p are the feed and permeate osmotic pressures, respectively. The data acquisition stage lasted 10 ns and atomic trajectories were recorded every 10 000 steps. Simulations were carried out for multiple values of P between 0 and 2400 bars. For each choice of P, the simulation was run 5-15 times with different and uncorrelated starting configurations in order to produce more accurate averages. The water flux, φ, across the membrane was computed as
whereṄ is the average rate of water molecules per unit time, v is the volume per water molecule, and ρ is the nanopore density in the NPG membrane. The water permeability, A m , was then computed from the water flux as
In Eq. (2), the osmotic pressure difference must reflect the salinity at the membrane surface, which is typically greater than the bulk salinity in the feed due to concentration polarization. 16 Because the feed piston is placed less than 10 nm away from the membrane, the feed salinity was approximately uniform during the simulations (see Fig. S1 in the supplementary material 18 ), ensuring that it is appropriate to calculate based on the bulk feed salinity in our system.
III. RESULTS
For each run, we calculated the number of water molecules on the feed side as a function of time. Typical results for P = 29, 146, and 1460 bars, respectively, are shown in Figure 2 (a). The curves indicate that water molecules permeate across the membrane at a relatively constant rate, and that the flow of water increases monotonically with applied pressure. For P = 29 bars, the net driving pressure is only ( P − ) = 22 bars and the slope of curve is correspondingly small. Multiple simulations at the same pressure (not shown in figure) help to reduce the standard error in the flux, even though the relative error in the slope is relatively large compared with runs at higher pressures. For P = 146 bars and P = 1460 bars, respectively, the net driving pressure is significantly greater and the flow of water molecules is correspondingly larger.
The water flux as a function of pressure is shown in Figure 2 (b). The figure indicates that the water flux scales linearly with applied pressure, and the inset in the figure shows that the data at low pressure (0 < P < 150 bars) continue to scale linearly with P. We estimated the water permeability of the membrane by calculating the slope in Figure 2 (b) using the weighted least squares method. If the nanopore density is assumed to be 1/(24 Å) 2 = 1.7 × 10 13 cm −2 , as in our earlier work, the resulting permeability of NPG is 1041 ± 20 l/m 2 -h-bar. This compares favorably with our earlier prediction of 1067 l/m 2 -h-bar, or equivalently 40 l/cm 2 -day-MPa. 9 The data in Figure 2 also contain information about the osmotic pressure of the feed. The transmembrane flux is expected to reach zero when ( P − ) = 0, or P = P p + ≈ 7 bars. Thus, we would expect the linear fit in Figure 2 (b) to cross the x-axis at P = 7 bars. In fact, the crossover occurs at P = 15 bars, with a standard error of 20 bars. To make sense of the large relative uncertainty associated with this measurement, we note that the motion of water molecules becomes increasingly governed by random diffusion for vanishingly small net driving pressures, which means that the signal-noise ratio from the MD simulations becomes small as ( P − ) → 0. We conclude that the MD simulations performed here are not an optimal method for estimating the osmotic pressure with good precision, even when each data point builds on up to 100 ns of total simulation time, as is the case here. Fortunately, we are primarily concerned with the water permeability of the NPG membrane, and the MD simulations are much J. Chem. Phys. better suited for estimating this quantity: the relative standard error in the permeability is only 2%. An examination of the density of ions as a function of distance from the membrane (see the supplementary material 18 ) also reveals that concentration polarization is not present at the lengthscale of our simulation, meaning that the net driving pressure is not significantly greater than that predicted from the salt concentration in the bulk.
Finally, we examine the effect of pressure on the permeation of water molecules in the vicinity of the nanopore. A key physical difference between driving water across NPG at P = 10-100 bars compared with P ≈ 1000 bars is how the pressure may affect the force of water molecules on the functional groups at the pore edge. In particular, it may have been expected that higher pressure would lead to greater deformation of the nanopore edge, which could result in a nonlinear increase in flux with increasing pressure. However, our molecular simulations indicate that this is not the case within the pressure range investigated. We have computed the density isosurface of water oxygen atoms for both relatively low (122 bars) and relatively high (1460 bars) pressure 1460 bar 122 bar (see Figure 3) . Although the figure indicates that marginally greater pore deformation occurs at high pressure (as seen by the greater deviation of hydrogen atoms from the basal plane of the membrane), the diameter of the oxygen density map inside the pore is unchanged compared with the low pressure case. We note that the effect of applied pressure on pore deformation is also affected by the specific functional groups at the pore edge; one would expect a greater degree of deformation in the case of hydroxyl groups or larger functional groups.
In conclusion, we have shown that NPG continues to exhibit ultra-high water permeability at hydraulic pressures employed in RO systems. We showed that the water flux through each nanopore continues to scale linearly with applied pressure, with a slope of 6.0 l/m 2 -bar-pore, corresponding to a water permeability of ∼10 3 l/m 2 -h-bar assuming a pore density of 1.7 × 10 13 cm −2 . We note, however, that the actual water permeability of an NPG membrane will scale linearly with its nanopore density, which may be either lower or higher than 1.7 × 10 13 cm −2 . By means of comparison, the maximum density that Holt et al. were able to achieve in synthesizing double-walled carbon nanotube membranes was 2.5 × 10 11 cm −2 . 17 Assuming this pore density instead, the water permeability of NPG would be 15 l/m 2 -h-bar, which is still an order of magnitude greater than in commercial thin-film composite (TFC) membranes. We also note that the water permeability reported here is in the absence of concentration polarization, since the accumulation of salt near the membrane affects the permeate flux but is a function of flux rather than an inherent property of the membrane material and also because the implications of concentration polarization in NPG have been explored elsewhere. nanopore edge, this does not have a significant effect on the flow of water across the nanopores. This study did not investigate the potential for long-range membrane strain. This effect, if it exists, would occur at the lengthscale of hundreds of nanometers due to the morphology of the substrate material. Given that each periodic cell in our simulation comprised a single nanopore, such an investigation lies outside of the scope of the present work. Further work should therefore be aimed at understanding the effect of hydraulic pressure on the mechanical properties of NPG and its implications for this material's desalination performance. Finally, although the purpose of this work was not to examine effects of pressure on salt rejection, it should be noted that no salt permeation was observed in any of the simulations. This strengthens the hypothesis that NPG would be a high-performing membrane for RO desalination.
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Supplementary Information Methodological suggestions for suitable replicability. In performing the simulations for this work, we found that it was essential to keep the permeate side of the NPG membrane hydrated at all times. If the simulation box was too large in the +z direction, the water molecules on the permeate side were exposed to a large volume of vacuum and all the permeate water would frequently desorb from the membrane to sorb on the piston instead. Whenever this occurred, the flux of water across the membrane would cease due to an additional surface energy barrier. This is consistent with the recent experimental findings of Celebi et al. [2] . In order to prevent this unphysical effect, we applied a permeate pressure of 1 bar using a piston. This pressure ensured that the graphene membrane remained hydrated at all times.
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